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SVRrACE CHEMISTRY, FRICTION AND WEAR OF Ni-Zn AND Mn-Zn
FERRITES IN CONTACT WITH METALS
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ABSTRACT
X-ray photoelectron and Auger electron spectroscopy analysis were used
in sliding friction experiments. These experiments were conducted with hot-
pressed polycrystalline Ni-Zn and Mn-Zn ferrites, and single-crystal Mn-Zn
ferrite in contact with various transition metals at room temperature in
both vacuum and argon. The results indicate that Ni203 and Fe304 were
present on the Ni-Zn ferrite surface in addition to the nominal bulk consti-
tuents, while Mn02 and Fe304 were present on the Mn-?n ferrite surface in
addition to the nominal bulk constituents. The coefficients of friction for
the ferrites in contact with metals were related to the relative chemical
activity of these metals. The more active the metal, the higher is the coef-
ficient of friction. The coefficients of friction for the ferrites were
correlated with the free energy of formation of the lowest metal oxide. The
interfacial bond can be regarded as a chemical bond between the metal atoms
and the oxygen anioo.s in the ferrite surfaces. The adsorption of oxygen on
clean metal and ferrite does strengthen the metal-ferrite contact and in-
crease the friction. The ferrites exhibit local cracking and fracture with
sliding under adhesive conditions. All the metals transferred to the sur-
faces of the ferrites in sliding.
INTRODUCTION
Ni-Zn and Mn-Zn mixed ferrites are ceramic semiconductors and are im-
portant as magnetic materials used for highly developed magnetic recording
devices. Ni-Zn ferrite has been used for computer memory systems, such as
magnetic recording disk files, while Mn-Zn ferrites have been used for video
and audio tape recorders in order to enhance certain desirable properties
and suppress undesirable ones in certain applications. In most magnetic
recording and playback devices, recording is conducted with a magnetic head
(slider) in sliding or intermittent contact with a magnetic medium, such as
a magnetic tape or disk. A small amount of magnetic head and medium wear
may render the recording process unreliable. The magnetic head and medium
are therefore required to have good wear resistance and low friction.
Although considerable effort has been expended in determining the fric-
tion, deformation and fracture of ferrites, The friction and wear arise pri-
marily from nonadhesive processes such as abrasion (refs. 1 to 21). Very
few studies of the nature of friction and wear have been conducted with a
consideration of adhesion between the sliding surfaces of ferrites (refs. 22
to 24).
The objective of the present paper is to discuss the surface chemistry,
friction and wear properties of hot pressed polycrystalline Ni-Zn and Mn-Zn
ferrite and single-crystal Mn-Zn ferrite in contact with various transition
metals. The effects of the presence of adsorbed oxygen on the friction are
also examined. The surface chemistry of the ferrite was analyzed by X-ray
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photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES).
Sliding friction experiments were conducted with a Ni-Zn ferrite and Mn-Zn
ferrite flat specimen in contact with polycrystalline metal pins at room
temperature.
All friction experiments were conducted with loads of 0.1 to 0.5 N, at
a sliding velocity of 5x10' 2 mm/s, both in a vacuum of 3x10 nPa and in argon
at atmospheric pressure.
MATERIALS
The hot-pressed polycrystalline Ni-Zn ferrite and Mn-Zn ferrite were
99.9-percent-pure oxide. The porosity of the polycrystalline ferrites is
less than 0.1 percent. The single-crystal Mn-Zn ferrite as grown platelets
was also 99.9-percent-pure oxide. The single-crystal Mn-Zn ferrite had the
(110) surface parallel to the sliding interface, and the (001) surface per-
pendicular to the sliding direction. The compositions and microhardness of
these ferrites are shown in table I.
All the metals were polycrystalline. The titanium was 99.97 percent
pure and all the other metals (Co, Cr, Fe, Ni, Re, Rh, V, W, and Zr) were
99.99 percent pure.
APPARATUSES
Two apparatuses, which basically employed a pin on a flat configuration,
were used in this investigation. The details of the apparatuses are des-
cribed in references 23 to 25. One apparatus, which is capable of measuring
adhesion, load, and friction, was mounted in an ultrahigh vacuum system.
The vacuum system contained tools for surface analysis, XPS, and AES. An
ion gun was used for cleaning specimens.
The second apparatus was a system capable of measuring friction in argon
(ref.  23) .
EXPERIMENTAL PROCEDURES
Specimen  p reparati on. - The slid'-; surfaces of the Ni-Zn and Mn-Zn
ferrite flats were polished first with diawond powder approximately 3 um and
1 um in diameter, and with Al20 powder 1 um in diameter. The polished sur-
faces had a smooth, bright, lus rous surface without evidence of any pitting.
The sliding surfaces of the polycrystalline metal pins were hemisphe-
rical and were polished first with diamond powder 3 um and 1 um in diameter,
and then with Al203 powder 1 jim in diameter. The radius of curvature of the
metal pins was 0.79 mm (1/32 in.).
Procedure. - The surfaces of the flat and pin specimens were rinsed with
absolu ewe Fanol before the experiments.
For the experiments in vacuum the specimens were placed in the vacuum
chamber, and 18e system was evacuated and baked out to achieve a pressure of
3x10 nPa (10-	torr). The flat and pin specimens were then ion sputter
cleaned.
Ion sputter etching was performed with #beam energy of 3000 eV at 20-4A
beam current with an argon pressure of 7x1O-4 Pa. The ion beam was con-
tinuously rastered over the specimen surface. After sputter etching, the
system was re-evacuated to a pressure of 3x10 nPa or lower. The surface
cleanliness was verified by XPS or AES analysis.
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In-site friction experiments were conducted with thesputter cleaned
ferrite flat and metal pin specimens. A load of 0.1 to 0.5'!:was applied to
the p'n-flat contact. To obtain consistent experimental conditions, the
time in contact before sliding was 30 s. Both load and friction forces were
contiguously monitored during a friction experiment. Sliding velocity was
5x10- mnls with a total sliding distance of 2 to 3 mm. the values of coef-
ficients of friction reported herein were obtained by averaging three to
five measurements. The standard deviation of the measured values are within
4 percent of the mean value.
In those experiments designed to examine the adsorbed oxygen effect on
friction, atomically sputter cleaned ferrite and metal surfaces were xposed
to 1000 L (L - 1x10-6 torr •s) of 02 with an oxygen pressure of 1x10
torr.
At completion of the exposure, the vacuum system was re-evacuated to a pres-
sure of 3x10 nPa or lower. The surface chemistry of the specimens was
examined by XPS analysis. Friction experiments were conducted with the fer-
rites and metal specimens, which were exposed to oxygen, in the same manner
as with atomically clean specimens.
In the argon atmosphere, the specimens were placed into the second ex-
perimental apparatus. The pin and 4lat specimen surfaces were then brought
into contact and loaded by deadwei5hts and the friction experiment was
initiated.
RESULTS AND DISCUSSION
Surface Chemistry
Ni-Zn ferrite. - The XPS survey spectra of Ni-Zn ferrite surfaces ob-
tained before sputter cleaning revealed primarily oxygen and carbon contami-
nation peaks, as shown in figure 1(a). An XPS spectrum of the ferrite sur-
face after sputter cleaning for 20 min is shown in figure 1(b). The carbon
contamination peak has nearly disap peared from the spectrum. In addition to
oxygen and iron, the XPS peaks indicate nickel and zinc on the surface.
The XPS spectra of N12p, Zn2p, Fe2p and 01 obtained from narrow scans
on the Ni-Zn ferrite surfaces are presented in igure 2.
The Ni2p3/?^ photoelectron emission lines of the Ni-Zn ferrite after
argon sputter c eaning are primarily split asymmetrically into doublet peaks.
They are peaked at 853.3 and 855.0 eV. It is interestiq^ in that the binding
energies of the doublet peaks match both NiFe204 (or Ni	 ion in NiO) and
Ni 203, respectively (refs. 26 and 27).
The Zn2p photoelectron lines for the Ni -Zn ferrite peaked primarily at
1021.7 ev, which is associated with ZnO.
The Fe2 3^22 photoelectron lines peaked primarily at 710.8 eV. The bind-
ing energy maptches that for both Fe203 and NiFe204, which are extremely
close in energy and difficult to distinguish in the data of figure 2(c).
Fe2p peak associated with Fe304 is also observed on the surface. In
figure 2(d), in addition to the adsorbed oxygen contamination peaks, the
Ols peak associated with Fe203 is observed on the as-received Ni-Zn ferrite
surface. The peak intensity at 530 eV associated with Fe.)03 increased with
an increase in sputtering time up to 20 min.
Table II summarizes various constituents present on the Ni-Zn ferrite
surface and their relative concentrations before and after sputtering.
The relative concentrations of adventitious hydrocarbon, present on the
as-received Ni-Zn ferrite and introduced from the specimen preparation
process, were about 79 at. %. After sputtering almost no carbon was evident
on the Ni-Zn ferrite surface.
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The concentrations of nickel oxidesNiO and Ni^^O0 ZnO and Fe^^pp3 on
the Ni-Zn ferrite obtained from the XPS spectra are fin eresting in tF^af the
concentration of ZnO is less than that of nickel oxides on the surface, while
the concentration of ZnO in the bulk is greater than that of nickel oxides,
as shown in table II. The results suggest that Zinc may segregate and be
sputtered away from the surface during argon ion sputtering.
Mn-Zn ferrite. - The XPS survey spect r a of the Mn-Zn ferrite surfaces
obtained before sputter cleaning revealed primarily oxygen and carbon conta-
mination peaks, as shown in figure 3(a). An XPS spectrum of the ferrite
surface after sputter cleaning for 2 1J min is also shown in figure 3(b). The
carbon contamination peak has nearly disappeared from the spectrum. In
addition to oxygen and iron, the XPS 'eaks clearly indicate manganese and
zinc on the surface.
Figure 4 presents the XPS spectra of Mn 2 Zn2
 , Fe2p and Ols
obtained from narrow scans on the Mn-Zn ferrite surfaces.
The Mn2 3 2 photoelectron emission lines of the Mn-Zn ferrite after
cleaning inc ^u^e two peaks. The binding energies of the peaks match both
MnO and Mn2+ ion in the Mn0? (ref. 26).
The Zn22p phot%electron lines for the Mn-Zn ferrite peaked primarily
dt 1021.7 eV, which is associated with ZnO. The Fe2 3/2 photoelectron
lines primarily include Fe 203
 as well as a small amo^int of Fe 304 , as
shown in figure 4.
The O1
 peaks obtained from the as-received surface are associated with
the adsurW oxygen contamination and Fe 203 . After sputtering the XPS
peaks indicate Fe 03 on the Mn-Zn ferrite surface.
Table III su.marizes various constituents present on the Mn-Zn ferrite
surface and their relative concentrations before and after sputtering.
The relative concentrations of hydrocarbon contaminant was about 71
at. %. After sputtering no carbon is evident on the Mn-Zn ferrite surface.
The concentration of ZnO is less than that of manganese oxides on the sur-
face, while the concentration of ZnO in the bulk is greater than that of man-
ganese oxides. This result is consistent with that of Ni-Zn ferrite
chemistry, already mentioned.
Friction Behavior and Environmental Effects
Sliding friction experiments were conducted with Ni-Zn and Mn-Zn fer-
rites in contact with various metals both in vacuum and in argon at atmos-
pheric pressure. Typical results are presented in figure 5. The marked
difference in friction for the two environments shows the effects of adsor-
bate and environment on the friction properties. The results in ultrahigh
vacuum are to be anticipated from chemical interactions and the important
role they play in the friction of ferrite-metal couples. This subject is
explained in detail in the following section. The coefficients of friction
for various metals sliding on N-1-41 n and Mn-Zn ferrite in argon atmosphere
were all approximatt'y 0.1 to 0.2. The chemical activity or inactivity of a
metal does not appe,.r to play a role in the friction in argon. A prerequi-
site for this sameness in friction is ';hat the metals form a stable metal
oxide and the environment provide adsorbates formed on the surfaces. The
oxides of the metal in figure 5 are all very stable. Note that the coeffi-
cients of friction for various metals sliding on the ferrites in vacuum and
in argon were unaffected by load in the range of 0.1 to 0.5 N.
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Effect of Metal Activity on Friction
The relative chemical activity of the transition metals (metals with
partially filled d shells) as a group can be ascertained from their per-
centage d bond character, as shown by Pauling (ref. 28). The frictional
properties of metal-metal and metal-ceramic contacts have been shown to be
related to this Character (refs. 29 to 32 and 22). The greater the percent-
age of d bond character, the less active is the metal and the lower is the
friction. Conversely, the more active the metal, the higher is the coeffi-
cient of friction.
The coefficients of friction for various metals in contact with the
hot-pressed polycrystalline Ni-Zn and Mn-Zn ferrites are presented in
figure 6 as a function of the d bond character of the transition metal.
Titanium, which is a chemically active metal, exhibits a considerably higher
coefficient of friction in contact with f farrite than does rhodium, which is
a metal of lesser activity. This result is consistent with the authors'
earlier studies conducted with single-crystals of SiC, diamond, and single-
crystal Mn-Zn ferrite (refs. 22, 30, and 32).
In figure 6(b), the coefficients of friction with single-crystal Mn-Zn
ferrite are lower than those of the hot-pressed polycrystalline Mn-Zn fer-
rite. This difference in friction may be in accord with effects of crystal-
lographic orientation and grain boundary as well as impurities contained in
the crystals. The crystallographic plane and direction can play a signifi-
cant role in the friction behavior of ferrites (refs. 22 and 24). Sliding
along the direction which is most closely packed minimizes the adhesion and
friction.
The coefficients of friction can also be correlated with the free energy
of f*mation of the lowest metal oxides, as shown in figure 7. This corre-
lation is consistent with the results of Pepper (ref. 33); that is, the shear
coefficients of the clean metal (Ag, Cu, Ni, and Fe)-to-sapphire contacts
correlate with the free energy of formation of the lowest metal oxide.
The correlation shown in figure 7 clearly indicates that the metal-
ferrite bond at the interface is primarily a chemical bond between the metal
atoms and the large oxygen anions in the ferrite surface and the strength of
this bond is related to the oxygen-metal bon: strength in the metal oxide
(refs. 33 to 37).
Note that all the metals shown in figure 7 transferred to the surfaces
of the ferrites. In general the less active the metal, the less transfer to
the ferrite. Titanium, having a much stronger chemical affinity to the ele-
ments of the ferrite, exhibited the greatest amount of transfer (refs. 22
and 23).
Effect of Oxygen Adsorption on Friction
Figure 8 presents the coefficients of friction for various metals in
contac^ with the ferrites, in which both metal and ferrite specimens were
exposed to 0 2
 gas. The data of figure 8 indicate the coefficients of fric-
tion as a function of the d-bond character of the metal. The data reveal
decrease in friction with an increase in d-bond character. The adsorptio
of oxygen on argon sputter cleaned metal and ferrite surfaces produces tw
effects: (1) the metal oxidizes and forms an oxide surface layer; and (2
the oxide layer increases the coefficients of friction for both Ni-Zn fer.
rite-to-metal and Mn-Zn ferrite-to-metal interfaces.
The oxygen exposures did strengthen the metal-to-ferrite adhesion and
increased the friction. The enhanced bond of the metal oxide to ferrite may
be due to the formation of complex oxides oii establishing contact.
Fracture Waar of Ferrites
The sliding of a metal pin on Ni-Zn and Mn-Zn ferrite surfaces results
in the formation of cracks acid fracture pits -in the ferrite surfaces as well
as metal wear and metal transfer to the ferrite surfaces both in vacuum and
argon. The coefficient of friction was greater aW fracture of ferrit and
metal wear was larger in vacuum than it was in argon.
The removal of adsorbed films (usually water vapor, carbon monoxide,
car:jn dioxide and oxide layers) from the surfaces of metals and ferrites
results in very strong interfacial adhesion when two solids are brought into
contact. The adhesive bonds formed at the metal-to-ferrite interface are
sufficiently strong that fracture of the cohesive bonds in the metal and
transfer of the metal to the ferrite surfaces results. All the metals used
in this investigation transferred to the ferrites. This fracture wear of
the ferrites occurs very locally and in very small areas in and near the
sliding contact region.
Figures 9 and 10 are scanning electron micrographs of wear tracks on
single-crystal and polycrystalliane Mn-Zn ferrite. Ire figure 9, three types
of cracking in the wear track are observed: One type is characterized by a
small crack propogating perpendicular to the sliding direction. It propa-
gates below the surface from 6-he high compressive stress at the real contact
area of the pin during sliding. The second type is a crack propagating at
an inclination of about 45 *
 to the sliding direction, that is, along
cleavay':- planes of (110). The third type obtained is a crack propagating
parallel to the sliding direction, that is, also along the cleavage planes
of (1101.
Figure 10 reveals that the extent of small cracking in polycrystalline
Mn-Zn ferrite depends on the orientation of the individual crystallites and
the direction of sliding. It is obvious that a significant degree of crac-
king begins in a grain boundary and extends along the grain boundaries. The
fracturing of the polycrystalline ferrite surface is the result of cracks
propagating and intersecting other cracks in grain boundaries. The cracks
and fracture can originate from a void, as these are primarily in grain
boundaries.
The wear scar on the metal pin after it slid against ferrites revealed
evidence of a large number of plastically deformed grooves, as typically
shown in figure 11. Figure 11 presents scanning electron micrographs of the
pin wear scar on titanium resulting from five passes of the titanium pin
over the Mr;—Zn ferrite surface in vacuum.
The wear scar on metals after sliding on ferrite surfaces may occasion-
ally contain small amounts of woar debris generated by the fracture of fer-
rite surfaces and the transfer of the debris to the metal surfaces, as
typical shown in figure 12. Figure 12 clearly reveals that the wear debris
of ferrite was embedded in the metal surface.
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CONCLUSIONS
As a result of the XPS and AES analysis and the sliding friction experi-
ments conducted witn Ni-zn and Mn-zn ferrite surfaces in sliding contact
with various transition metals in a vacuum and in argon, the following con-
clusions are drawn.
1. Ni203 and Fe Oq are present on the Ni-Zn ferrite surface in addition
to the normal constituents such as NiO (NiFeA), ZnO and.FeV3. Mn02 and
Fe304 were present on the Mn-Zn ferrite surface in addition i:o the normal
constituents such as MnO, ZnO and Fe203.
2. The coefficients of friction for Ni-Zn and Mn-Zn ferrites in contact
with various metals were related to the relative chemical activity.of these
metals. The more active the metal, the higher is the coefficient of fric-
tion. They were also correlated with the free energy of formation of the
lowest metal oxide. The interfacial bond can be regarded as a chemical bond
between the metal atoms and the oxygen anions in the ferrite surfaces.
3. The adsorption of oxygen on clean metal and ferrite does strengthen
the meta'-ferrite contact and increase the friction. The enhanced bond of
the metal oxide to ferrite may be due to the formation of the complex oxides
on establishing contacts.
4. The ferrites exhibit very local cracking and fracture with sliding
under adhesive conditions. All metals transferred to the surfaces of the
ferrites in sliding.
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TABLE 1. — LUMPUSITIUN ANU HARUNESS DATA ON
Ni—Zn anu Mn—Zn FLKR1TES
(a) Hot—pressea polycrystalline Ni—Zn territe
Lomposition, at. % Fe-03 6b.6
Nib 1.1.1
40 Y2.Y
brain size, um li
Porosity, percent <0.1
Vickers haroness a 715
(b) Hot—pressea polycrystalline Mn—Zn ferrite
Composition, at. % Fe2p03	 b9.1
Mn0	 15.k
ZnO
	
15./
Grain s-,ze,	 an 24
Porosity, percent <0.1
Vickers ha.raness a b4U
(c) Single—crystal Mn—Zn ferrite
Compositior;,	 at. % F e. ^ 71.0
Mn0 17. s
Zn0 11.1
Sliding surface (110)
Siiuing airection <UU1>
Knoup naronessb 5bU
Vickers rnaranessa 045
aknoup ndruness measuring luau was 3 N.
U Vick , rs rnaraness measuring ludo was U.5 N.
W
TABLE II. - VARIOUS CONSTITUENTS ON THE
Ni-Zn FERRITE AND THEIR
CONCENTRATION
(a) Elements
Surface treatment
in vacuum chamber
Concentration,
at. %
Ni Zn Fe 0 C
No treatment 1 1 3 16 79
Sputtering 9 5 30 56 --
(b) Oxides
Surface treatment
in vacuum chamber
Concentration,
mol %
NiO
( N i 203)
ZnO F e203
(F e304 )
Surface: No treatment 17 17 66
Sputtering 20 10 70
Bulk 11.5 20.0 68.4
i
11
Concentration,
mo 1 9i
MnO
(Mn02)
ZnO F e2O3
(F e,24)
36 15 49
26 1 67
15.7 14.1 70.2
Surface treatment
in vacuum chamber
SurfaceN o treatment
Sputtering
Bulk
12
TABLE III. - VARIOUS CONSTITUENTS ON THE
Mn-.Zn FERRITE AND THEIR
CONCENTRATI0N
(a) Elements
Surface treatment
in vacuL , ,i chamber
Concentration,
at., %
Mn Zn Fe 0 C
No treatment 3 1 4 21 71
Sputtering 11 3 29 57 --
(b) Ox i d,^;
:.
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